INTRODUCTION
Atherosclerotic lesions form at specific sites on blood vessels subject to disturbed blood flow, such as in the vicinity of branch points, the outer wall of bifurcations, and the inner wall of curvatures (DeBakey et al., 1985; Glagov et al., 1988; Ku et al., 1985; Chatzizisis et al., 2007) . Endothelial cells play a critical role in sensing shear stress, the dragging frictional force created by flow, being ideally situated on the blood vessel lumen, and dysfunction of their mechanosensors is suggested to play a central role in the pathogenesis of atherosclerosis (Ross, 1993; Chatzizisis et al., 2007) .
There is growing clinical evidence to suggest that the platelet endothelial cell adhesion molecule (PECAM-1/CD31), a 130kD glycoprotein expressed on the cell surface of monocytes, neutrophils, platelets, subsets of T cells and endothelial cells, plays a role in atherogenesis. A link has been established between certain PECAM-1 polymorphisms and increased risk for severe coronary heart disease and myocardial infarction (Wenzel et al., 1999; Sasaoka et al., 2001) . Using knockout (KO) mice, we have previously shown that PECAM-1, localized to the cell-cell junction in vessel endothelium, is necessary for endothelial cells to sense increases in fluid shear stress and couple them with reactive dilatation of the vessel wall (Bagi et al., 2005) . In addition, we have demonstrated that PECAM-1 is also complexed with nitric oxide synthase 3 (NOS 3/eNOS) and that this complex abruptly dissociates in response to changes in shear stress (Dusserre et al., 2004) . In addition, PECAM-1 also undergoes phosphorylation in response to changes in shear stress (Fujiwara, 2006; Harada et al., 1995) . These changes in shear stress are known to upregulate proinflammatory transcriptional activators such as nuclear factorkappaB (NF-κB) and early growth response 1 (Egr-1) (Bao et al., 1999) . In contrast, PECAM-1 deficient cells are reported to have impaired activation of NF-κB and specific kinases involved in cell signaling (Fleming et al., 2005; Tzima et al., 2005) . Taken together, these studies suggest that PECAM-1 is important in the detection of mechanoreception (mechanical shear force) and mechanotransduction (conversion into chemical signals) by the endothelium, although the nature of its role is yet to be fully elucidated.
Atherosclerotic lesion development occurs at sites of the vessel that are subject to disturbed flow, i.e. areas where there are significant temporal changes in shear stress or flow [temporal gradients in shear stress (TGS)], and under conditions of low shear stress (DeBakey et al., 1985; Glagov et al., 1988; Ku et al., 1985) . We wondered whether PECAM-1's ability to detect these rapid changes in shear stress could translate disturbed flow stimuli into initiation of lesion development in the apolipoprotein E-deficient mouse model of atherosclerosis (ApoE -/-). Hence we tested whether PECAM-1 functioned as a proatherogenic, mechanoresponsive molecule in this model. PECAM-1 is known to be involved in many different signaling pathways and may functionally couple with other cell junction molecules such as connexin 43 (Cx43). We have previously shown that unsteady or disturbed shear stress leads to enhanced and sustained expression of Cx43 (Bao et al., 2000) . Cx43 trafficking appears to be an important proatherosclerotic event at sites of disturbed flow that are predisposed to lesions (DePaola et al., 1999) . Since TGSs induce phosphorylation of mitogen-activated protein kinases (MAPK), and phosphorylation of Cx43 by MAPK is sufficient to disrupt communication at gap junctions (Bao et al., 2000; Warn-Cramer et al., 1998) , we wondered if Cx43 expression, in areas of disturbed flow, would be altered by the absence of PECAM-1.
We investigated this hypothesis using single and double KO (SKO, DKO) mice combining the ApoE -/-mouse model of atherosclerosis, with and without the presence of the PECAM-1 gene. We found that DKO mice developed fewer lesions than SKO mice expressing PECAM-1. DKO mice demonstrated a decrease in lesion area at the aortic sinus and reduced endothelial expression of the intercellular adhesion molecule-1 (ICAM-1). ) mice maintained on a high-fat Western diet. Immunostaining of aortic sinus cross sections demonstrated significantly lower ICAM-1 expression in DKO lesions compared with SKO lesions, and en face preparations of vessel regions subjected to disturbed and laminar flow showed less disruption of junctional connexin 43 in DKO than in SKO mice. Thus, PECAM-1 deficiency reduced the extent of lesions at the aortic arch and the aortic sinus, and lowered atherogenic indices. These results suggest that PECAM-1 is an important factor in the atherogenic changes seen in the ApoE-deficient mouse model and thus should be considered as a potential target for protection against atherosclerosis. 
RESULTS

PECAM-1 deficient mice showed reduced atherosclerotic lesions
To examine the effect of genotype on development of atherosclerotic lesions in mouse aorta, perfusion-fixed aortic arches were stained with Sudan IV and the lesion area measured as a percentage of the total area of the aortic arch using Image J software. In all animals, at the aortic arch, the major lesion was observed on the lesser curvature, with minor lesions at the branches. However, average lesion area as a percentage of total arch area was significantly reduced (males, 54% reduction; females, 61% In order to more accurately assess a predisposition to form atherosclerotic lesions, we also investigated cross sections of the aortic sinus at the level of the aortic valve leaflets (Fig. 2) 
ICAM-1 immunostaining decreased in aortic sinus of PECAM-1 deficient mice
To investigate the expression of an endothelial marker associated with formation and progression of lesion sites (Bourdillon et al., 2000) , the immunofluorescent localization of ICAM-1 was quantified at the aortic sinus of male mice, because the large and numerous aortic arch lesions degraded tissue quality and prevented accurate assessment. The extent of the lesion perimeter that was positive for ICAM-1 was significantly lower in DKO mice than in SKO mice [DKO: 19.3±3.53% (s.e.m.), n=9; SKO: 44.8±9.78%, n=6; P<0.05] (Fig. 3) . Therefore, the absence of PECAM-1 in this atheroprone region led to the downregulation of ICAM-1.
Increase of junctional Cx43 immunostaining in the descending aorta and at branched arteries of PECAM-1 KO mice
Cx43 trafficking appears to be an important proatherosclerotic event at sites of disturbed flow predisposed to lesion formation. To investigate endothelial Cx43 distribution, immunofluorescent localization of Cx43 was performed on sections of the descending aorta (assumed to be atheroprotective) and renal artery branch points (disturbed flow) of wild-type, PECAM-1 KO, ApoE-deficient (SKO) and DKO mice (Fig. 4) . The first two groups of mice were maintained on a normal chow diet as opposed to the Western diet of SKO and DKO mice. In the aortae of PECAM-1 deficient mice, punctate staining for Cx43 was apparent at the cell-cell junctions, with occasional perinuclear staining (Fig. 4B ). In the aorta of chowfed wild-type animals, Cx43 staining was found in the perinuclear area, with relatively fewer patches of junctional Cx43 staining (Fig.  4A) . Similar results were observed in ApoE-deficient mice, with reduced disruption to Cx43 distribution at the cell-cell junction in DKO mice compared with SKO mice (Fig. 4C,D) . The extent of the cell perimeter that was positive for Cx43 was significantly higher in the descending aorta (area of laminar shear stress) of DKO mice than in SKO mice [DKO: 0.67±0.09 (s.e.m.), n=3; SKO: 0.24±0.17, n=4; P<0.05] (Fig. 4E ). In addition, in the renal artery branches (area of TGS), where smaller lesions permitted staining, junctional Cx43 was also significantly higher in the renal artery of DKO mice compared with SKO mice [DKO: 0.40±0.08 (s.e.m.), n=4; SKO: 0.17±0.02, n=4; P<0.05, one-tailed t-test]. DISCUSSION PECAM-1 was shown to be important in the development of lesions at aortic sites susceptible to atherosclerosis in the ApoE-deficient mouse. The downregulation of ICAM-1 in endothelial cells at the lesion periphery, and reduced disruption of Cx43 junctional staining at arterial branch points and in the descending aorta in PECAM-1 deficient mice, further suggest a role of PECAM-1 in atherogenesis.
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PECAM-1 and atherosclerosis RESEARCH REPORT In mammals, although risk factors such as a high-fat diet affect the whole circulation, the development of atherosclerotic plaques is highly focal and correlates with the type of local hemodynamic forces (DeBakey et al., 1985; Frangos et al., 1999; Chatzizisis et al., 2007) . For instance, long-term exposure to laminar shear stress profiles is anti-atherogenic (Resnick et al., 1997; Topper et al., 1996) . In contrast, pulsatile or oscillatory shear stresses acting on endothelium modulate pro-inflammatory gene expression (Bao et al., 1999; Garcia-Cardena et al., 2001) . It follows that the rapid changes in shear stress (TGS) and low mean shear stress occurring at curves and bifurcations of the aorta, and at the branch points to smaller arteries, are considered to be proatherogenic flow profiles and these areas develop neointimas (early lesions) over time (Cornhill et al., 1990; Dewey et al., 1981; Friedman et al., 1975; Zarins et al., 1983) . In the mouse aortic arch, the variations in wall shear stress using computational fluid dynamics are as much as 600 dynes per square centimeter in 50 milliseconds -a temporal gradient that is 150-fold higher than in human aortae (Suo et al., 2007; Weinberg and Ethier, 2007) . Higher temporal gradients in the mouse aortic arch may explain our observation of lesions in the inner curvature, which is relatively lesion-free in the human (DeBakey et al., 1985) . Since PECAM-1 is known to mediate mechanoreception and mechanotransduction of temporal gradients in shear stress (Bagi et al., 2005; Dusserre et al., 2004) , the absence of PECAM-1 in DKO mice may render these areas less sensitive to shear stress, and thus reduce the pro-inflammatory phenotype.
As atherosclerosis is now widely recognized as a chronic inflammatory disease (Hope and Meredith, 2003) , we cannot rule out the possibility that the absence of PECAM-1 on leukocytes contributes to the atheroprotective effect in PECAM-1 KO mice. The lack of PECAM-1 definitely impairs leukocyte transendothelial migration, yet another explanation could be the lack of survival signals on PECAM-1 deficient T cells (Gao et al., 2003) . However, it is unlikely to be the major reason for the atheroprotective effects we observed here, since leukocyte transmigration in response to various inflammatory stimuli is largely unaffected in PECAM-1 KO mice generated on the C57BL/6 background (Schenkel et al., 2004) . In addition, the downregulation of ICAM-1 at the aortic sinus in PECAM-1 deficient mice is not readily explained by the absence of leukocyte transmigration.
ICAM-1 upregulation is often linked to sites of unsteady flow (Endres et al., 1997; Nakashima et al., 1998) . Studies on endothelial monolayers show that TGS, such as oscillatory flow, upregulates ICAM-1 expression (Chappell et al., 1998) the pro-inflammatory transcription factor NF-κB in endothelial cells (Bao et al., 1999) , and NF-κB transcriptionally regulates ICAM-1 (Chen et al., 1995; Fakler et al., 2000; Read et al., 1995; Voraberger et al., 1991) then PECAM-1 may mediate TGS-induced ICAM-1 upregulation via NF-κB activation. This is consistent with the causal link between PECAM-1 and NF-κB, which revealed the absence of NF-κB activation near bifurcations of PECAM-1 KO aortae (Tzima et al., 2005) .
Aortal tissue has been demonstrated to show positive staining for Cx43 at cell-cell junctions (Yeh et al., 2003) , and mechanical strain and fluid shear stress are known modulators of Cx43 expression (Cowan et al., 1998; DePaola et al., 1999; Thi et al., 2003 ). An upregulation of Cx43 gene expression has also been demonstrated in endothelial cells exposed to TGS (Bao et al., 2000) . However, the upregulated Cx43 protein appeared to be redistributed to perinuclear and cytoplasmic compartments and did not result in an increased concentration of gap junctional protein (Li et al., 2002) . The disruption of Cx43 junctional communication (via translocation from cell borders to the cytosol) appears to be an important proatherosclerotic event at sites of unsteady flow that are predisposed to develop lesions (DePaola et al., 1999) . In this study we found that PECAM-1 KO mice demonstrated greater conservation of Cx43 junctional staining compared to SKO or wild-type tissue. Therefore, the presence of PECAM-1 appears to aid translocation of Cx43 from the cell-cell junction to intracellular sites. By disruption of Cx43, a protein known to assist the cell junctional movement of small molecules and ions, gradients in shear stress will likely disrupt cellcell communication. Together, the decreased levels of cytosolic Cx43 and increased amount of junctional Cx43 suggest that PECAM-1 KO mice may be insensitive to TGS. Thus, the present data would support the role of PECAM-1 in mediating TGS-induced atherogenesis.
In summary, the decrease in lesion areas observed in PECAM-1 deficient mice support the hypothesis that changes in shear stress, which occur in atheroprone regions of the arterial circulation, are sensed by PECAM-1 and that PECAM-1 promotes atherosclerotic lesions and increases atherogenic indices. We suggest, based on the present data, that absence of PECAM-1 delays onset of atheroma development, but does not prevent its induction. In this manner, PECAM-1 dependent mechanisms are critical to full lesion progression and so PECAM-1 has considerable potential as a candidate target to limit the course of the disease.
METHODS
Animals
The animal use protocols for these studies were pre-approved by the Institutional Animal Care and Use Committee (IACUC) at the La Jolla Bioengineering Institute. All mice (mus musculus), except for those fasted overnight, had access to food and water ad libitum. ApoE-deficient mice with a B6.129 background (B6.129P2ApoE tm1Unc ) obtained from Jackson Laboratory (Bar Harbor, USA) were backcrossed 10 times onto C57BL/6J mice. Similarly, PECAM-1 homozygotes (B6.129SPecam1
Gt (VICTR20)12Lex and B6.129SF2/J cross; Jackson Laboratory) were backcrossed onto C57BL/6 mice for six generations. ApoE -/-and PECAM-1 -/-C57BL/6 mice were then bred to obtain the F2 generation (ApoE
), which were then bred together to generate the SKO and DKO littermates used in this study. Genotypes were determined by PCR. At weaning, littermates were placed on a cholate-free high cholesterol Western diet (Teklad adjusted calories diet TD 88137: 21.2% fat wt/wt, 0.2% cholesterol wt/wt) for 12 weeks. Cholesterol analysis of heparinized plasma from terminal bleeds of SKO and DKO fasted male mice was performed by Esoterix (Labcorp, NC). A separate group of littermates were maintained on a normal chow diet from weaning until 11 months of age. A total of 80 mice (including breeders) were used in this study. 
PECAM-1 and ApoE genotyping by PCR
Tail genomic DNA was prepared for PCR using REDExtract-NAmp Tissue PCR kit (Sigma, St Louis, MO). For the PECAM-1 wild-type (WT) allele, a forward primer (5Ј-CAGCCACTGTGTGAGACACAAAGGCAAG-3Ј) and reverse primer (5Ј-ACCACACACCCAGCAACCCTTTCAGAC-3Ј) were used. For the KO allele, the forward primer was based on the long terminal repeat (LTR) region of the insertion vector (5Ј-AAATGGCGTTACTTAAGCTAGCTTGC-3Ј) and the reverse primer was the same as for the WT allele. These primers amplify a <350 base pair (bp) DNA fragment from the WT allele and a <230 bp fragment from the KO allele. For ApoE, a forward primer (5Ј-GCCTAGCCGAGGGAGAGCCG-3Ј) corresponding to the exon 3 genomic sequence was used for PCR with a reverse primer from exon 3 (5Ј-TGTGACTTGGGAGCTCTGCAGC-3Ј) to identify the WT allele (155 bp PCR product). To identify the KO allele, a forward primer was used for PCR, together with a reverse primer (5Ј-GCCGCCCCGACTGCATCT-3Ј) corresponding to a region within the vector that was used to disrupt the ApoE gene (245 bp PCR product). This strategy was used since both KOs have the neomycin gene.
Sudan IV staining of aortic arch
Mice were anesthetized with ketamine (90 mg/kg)/xylazine (10 mg/kg), intraperitoneally (IP), and monitored until negative to toe pinch. After injection of heparin (1 ml) into the ventricle, mice were perfused with ice-cold Stefanini buffer for 5 minutes (2% paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer, pH 7.6). Aortas were carefully collected from heart to iliac bifurcation and stored in buffer at 4°C. Aortic arches were cleaned, opened longitudinally along the outer curvature, and stained with Sudan IV (0.5% w/v in 1:1 mix of 70% ethanol: 100% acetone) to reveal lipids. The aortic arch is the site of the most significant atherosclerotic lesions in the Apo-E deficient C57BL/6 mouse on a Western diet (Nakashima et al., 1998) . Briefly, the aortas were washed in 70% ethanol for 10 minutes, stained in Sudan IV for 60 minutes at room temperature (RT) and rinsed in 70% ethanol for 10 minutes. Stained arches were stored in 4% formaldehyde solution in PBS at 4°C until imaged. The arch was pinned to the gel of a dissecting dish and photographed under a stereomicroscope. Sudanophilic lesions and total arch areas were quantified using Image J software (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij /, 1997-2006) .
Oil Red O staining and ICAM-1 immunostaining of aortic root
After harvesting aortas, the heart and aortic root were embedded in O.C.T. cryoembedding media (Sakura Finetek, Torrance, CA) and snap frozen in a hexane-chilling bath. Sections (8 μm) were generated of the aortic sinus at the level of the aortic valve leaflets. Oil Red O solution (0.5% w/v in 1:1 mix of 70% ethanol: 100% acetone) was used to stain sections for 5 minutes at RT, before differentiating in 70% ethanol and washing in phosphate buffer saline (PBS). Image J software was used to measure total lesion area relative to total aortal area to adjust for oblique sectioning. For immunostaining, sections were washed in PBS, blocked in Triton/PBS block (5% donkey serum in 0.01% Triton in PBS) and incubated in rat anti-ICAM-1 (Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1/25 in Triton/PBS block, for 1 hour at RT in a humidified chamber. After washing in PBS, slides were incubated in donkey anti-rat or anti-goat Alexa 488 antibodies from Molecular Probes (Invitrogen, Carlsbad, CA), diluted 1/50 in Triton/PBS block, for 1 hour at RT. Sections were counterstained with DAPI (1/1000) for 2 minutes. Slides were mounted in Fluoromount (EMS, Hatfield, PA). Negative controls without primary antibody are shown in the supplementary material (supplementary material Fig.  S1 ).
En face, high-power fluorescence microscopy of Cx43 immunostaining of the luminal surface of aortas and renal artery branches Aortas from male mice, perfused as above, were carefully dissected; cross-sectional segments were cut and opened longitudinally. Branches (renal artery bifurcation) and blood flow direction were recorded. Permeabilization and staining steps were similar to those for ICAM-1 immunolocalization on aortic root sections, apart from a pre-incubation step in 2% sodium borohydride in PBS for 30 minutes to reduce autofluorescence. For immunostaining, tissues were incubated in rabbit anti-Cx43 (Abcam, Cambridge, MA) in Triton/PBS block for 1 hour at RT. A negative control (without primary antibody) was included (supplementary material Fig. S2 ). Preparations were mounted, luminal side up, in Gelvatol. 
Confocal microscopy analysis
RESEARCH REPORT TRANSLATIONAL IMPACT Clinical issue
Atherosclerosis is a progressive, chronic inflammatory disease of large arteries in which lesions preferentially occur at vessel sites exposed to rapid changes in blood flow. Low density lipoprotein (LDL) deposition and leukocyte infiltration leads to plaque formation and narrowing of the artery (stenosis), which restricts blood flow and causes angina. Atherosclerosis can also induce thrombus formation if lipids from plaques come into contact with blood, and plaque associated weakening of artery walls can lead to eventual rupture (aneurysm). PECAM-1 is a membrane protein expressed on the surface of many cells in the blood, as well as the endothelial cells lining blood vessels. PECAM-1 participates in the adhesion cascade necessary for leukocyte extravasation and serves as a sensor responding to changes in mechanical shear force that result from changes in blood flow.
Results
In this report, the authors determine that PECAM-1 induces susceptibility to atherosclerosis. Using mice deficient in the cell adhesion molecule PECAM-1 (PECAM-1 -/-), researchers found a 50-60% reduction of atherosclerotic lesions in the aortae of mice with a genetic susceptibility to atherosclerosis (ApoE -/-). Since some athlerosclerotic lesions are found in PECAM-1 -/-animals, it is likely that the absence of PECAM-1 is not completely preventative, but delays the onset of pathology.
Implications and future directions
PECAM-1 functions in processes of inflammation and in the sensing of shear stress related to blood flow. It is possible that one or both of these processes contribute to the development and progression of atherosclerosis, suggesting that PECAM-1 is a potential candidate for drug targeting to limit the disease process.
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Plan-NEOFLUAR 100/1.3 objective and images were analyzed using the Zeiss LSM Image Browser. The extent of cell perimeter that was positive for Cx43, as a proportion of the total cell periphery, was measured for aortal and renal artery DKO and SKO tissues. Areas containing disorganized condensed nuclei signified plaque formation (Nakashima et al., 1998) and were avoided in the assessment of junctional staining.
Data analysis
Data are presented as means ± s.e.m. of the indicated number of observations. Statistical comparisons between groups were performed using two-tailed t-tests, unless otherwise stated, with a significance level of P<0.05.
